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ABSTRACT
Graphite has attracted both academia and researchers due to its outstanding properties
such as having strength 200 times stronger than steel, great efficiency of heat and
electricity conduction, and also low cost. The aim of this study is to determine the
tensile properties and adhesive toughness of unmodified graphite composite and to
investigate the effects of its modification on the properties of epoxy composite. Two
facile approaches of producing the expanded graphite were performed: thermal expan-
sion and sonication process. Since epoxy polymer and graphite are not compatible,
thus the interface modifications of graphite are required to enhance the adhesion of
filler-polymeric matrix. In this research, 4,4’-Methylene diphenyl diisocyanate (MDI)
was used as modifying agent of graphite. The effect of modification on chemical
structure, mechanical properties, adhesive toughness and morphology of epoxy com-
posite were investigated by using FTIR, tensile test, double cantilevered beam test
and SEM. The results revealed that 0.5 wt% modified composites shows the highest
improvement for Young’s modulus and adhesive toughness which are 8 GPa and 12.17
kJ/m2, respectively. These results were also confirmed by the FTIR analysis of the
chemical structures and SEM observation of fracture surface. This outcome proved
that the surface modifications of expanded graphite have succeeded in enhancing the
mechanical properties and improve the adhesive toughness of epoxy composites, hence
promote its application as adhesive for metallic adherents.
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ABSTRAK
Grafit telah menarik minat ahli akademik dan penyelidik disebabkan oleh sifatnya
yang cemerlang seperti mempunyai 200 kali kekuatan berbanding besi, kecekapan
haba dan pengaliran eletrik yang hebat, kos yang rendah dan juga proses fabrikasi
yang mudah. Tujuan kajian ini dijalankan adalah untuk menentukan sifat mekanik
dan kekuatan pelekat dan untuk mengkaji kesan pengubahsuaian antara muka grafit
pada sifat mekanik dan kekuatan pelekat pada bahan komposit. Dua kaedah digunakan
dalam menghasilkan expanded graphite adalah proses pengembangan haba dan proses
sonikasi. Oleh kerana epoksi dan grafit merupakan bahan yang tidak serasi, maka
pengubah suaian antara muka pada bahan grafit adalah diperlukan bagi meningkatkan
kelekatan pada bahan pengisi-polimer matrik. Dalam kajian penyelidikan ini, 4,4’
methylene diphenyl diisocyanate (MDI) telah digunakan untuk mengubah suai ba-
han grafit. Kesan MDI terhadap struktur kimia, sifat mekanik, kekuatan pelekat dan
morfologi kemudiannya dikaji dengan menggunakan FTIR, ujian tegangan, ujian dou-
ble cantilevered beam dan SEM. Hasil kajian mendedahkan bahawa 0.5 m-EG mem-
berikan peningkatan tertinggi untuk modulus keanjalan dan kekuatan pelekat yang
masing-masing adalah 8 GPa dan 12.17 kJ/m2. Hasil ujian ini juga disahkan oleh
analisis FTIR mengenai struktur kimia dan pemerhatian SEM pada permukaan yang
patah. Kesimpulannya, pengubahsuaian pada bahan grafit telah terbukti berjaya dalam
meningkatkan sifat-sifat mekanikal dan kekuatan pelekat pada epoksi/ EG komposit,
dan boleh dipromosikan sebagai salah satu kaedah penyambungan bahan logam.
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CHAPTER 1
INTRODUCTION
1.1 Research Background
In this new globalization era, the development of new materials has become the main
focus in the research area whether it is made by metal-based materials, polymer,
ceramic or even composite materials. Anyhow, the use of composite is attracting more
attention because of its lower weight, well corrosion resistant, high fatigue strength and
quick assembly (Liu et al., 2005; Thomas et al., 2012; Chung, 2013). The compos-
ite materials have displayed an outstanding properties when compared to its original
material in term of mechanical properties, chemical properties, physical properties,
production, cost, life cycle time, materials handling and appearance (Wang et al., 2011;
Chawla, 2012; Vasiliev & Morozov, 2013). In general, composite material can be
categorized into three which are the metal matrix composite (MMC) , polymer matrix
composite (PMC) and ceramic matrix composite (CMC) .
Of all these composites materials, polymer matrix composite has attracted more
interest from researcher worldwide either from the academia or industries due to its
unique properties such as high specific strength and flexibility (Zaman et al., 2011b).
Basically polymer can be divided into three categories which are thermoplastics, ther-
moset and elastomer. Thermoset polymers are mostly used in the industries because
of their superior properties such as strength, hardness and thermal stability when com-
pared to thermoplastic and elastomers. For instance, epoxy which belongs to thermoset
material has shown an outstanding properties including good thermal and mechanical
properties, chemical and wear resistance (Koo, 2006; Yu et al., 2008; Zaman et al.,
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2011a). Due to these advantages, it makes epoxy more attractive to be applied in
broader applications such as adhesives, coatings, structural materials or even as the
matrix of composite (Awaja et al., 2009; Chen et al., 2014; Du et al., 2017). As
a thermoset material, epoxy has a high degree cross linking which make them very
useful in term of high rigidity and strength. Nevertheless, the highly cross linking
structure also cause epoxy to be brittle (Ma et al., 2008; Dai et al., 2009; Chong et al.,
2016). Due to this drawback, many researchers are interested to improve the epoxy’s
mechanical properties by reinforcing with the filler. Recently, the most common used
fillers to toughen epoxy are graphite, carbon nanotube and clays (Yasmin & Daniel,
2004; Zeng et al., 2005; Paul & Robeson, 2008). Among these fillers, graphite is more
prominent due to its abundant material in nature.
The elemental carbon of graphite has the lowest energy state at ambient tem-
perature and pressure, where else in its bulk state graphite exists as a layered material.
For the efficient utilization of graphite in polymer composites, graphite layers must
be separated and dispersed where in this case, the single layer of graphite is called
graphene (Dai et al., 2009; Debelak & Lafdi, 2007). Historically, graphene becomes
a well-known material when the Nobel Prize winner in Physics, Prof. Geim and Prof.
Novoselov fabricated graphene materials using a sticky tape to peel off the graphene
layer by layer from raw graphite (Geim & Novoselov, 2007). Graphene has been
proven to have excellent mechanical properties such high stiffness which equivalent
to 1 TPa, ultimate strength of 130 MPa, higher electrical and thermal conductivities
when compared to copper materials (Huang et al., 2012; Tong et al., 2013; Saleem
et al., 2016). Due to this excellent properties of graphene, modification on graphite
material is becoming important research area especially in material area in order to
acquire a good graphene material.
It is indicated that epoxy and graphite are not compatible to form a great
composite. This means that if epoxy and graphite are combined, they will not mix
well and eventually produce a low mechanical property. In order to improve the
compatibility between these materials, the interface modification of graphite is ac-
complished. In addition, interface modification plays a vital role in enhancing the
mechanical properties, thermal properties and performance of polymer composites
(Zaman et al., 2011b). In general, there are two ways to modified graphite either
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by covalent bonding or non-covalent bonding. The definition of covalent bonding is
to develop a strong linkage between polymer networks and carbon graphite, hence
advancing the exfoliation and dispersion of graphite in the matrixes. Whereas the
non-covalent bonding is depends on the physical adsorption of surfactants of charged
polymers into the graphite surfaces to modify the surface energy of the layers, thus
preventing graphite from agglomerates (Englert et al., 2011; Salavagione et al., 2011;
Mittal et al., 2015). Therefore, in this study, the covalent bonding method was selected
by using a surfactant called 4.4’-Methylene diphenyl diisocyanate (MDI) to produce a
strong interface between graphite filler and epoxy matrix.
Basically, there are few techniques that can be applied in joining process such
as welding, bolting, riveting, brazing, soldering and adhesive joining. These tech-
niques are depending on the parts to be joined, the materials used and the strength
needed by the product. In automotive industry, the suitable techniques to join the
material together especially for aluminium are by using bolting and adhesive joining
(Savage et al., 2013). Bolting techniques are stronger compared to adhesive joining,
however it will face some problems such as vibration could lead to the bolt loosening
(Adams & Comyn, 2000; Schwartz, 2010). Subsequently, with the continuous high
stress at the loosen bolt joining can induce fatigue and weakening the material. In fact,
adhesives usually form a bond stronger than the materials they are bonding together.
Thus, to overcome this problem, adhesive joining is proposed to be the best solution of
joining the aluminium material in certain location of car parts such as interior decora-
tion, body panels, engine, windshield and also chassis (Cate et al., 2007; Brockmann
et al., 2008; Awaja et al., 2009).
Particularly, this research study aims to fabricate expanded graphite by using a
facile approach and then to investigate the effect of its interface modification towards
the mechanical properties and adhesive toughness of epoxy composites.
1.2 Problem Statement
Epoxy has good engineering properties that make them attractive for use in broad
applications such as the matrix in composites, electronic packaging, coating and even
as adhesives. However, a highly cross linking of epoxy makes them easy to fracture,
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where it leads to crack propagation and at the end can cause catastrophic disaster
(Fang et al., 2010; Zaman et al., 2014a). Thus, by reinforcing epoxy with other filler
materials such as graphite can overcome the aforementioned drawback. Nevertheless,
the origin nature of graphite which belongs to hydrophilic group is not compatible with
the hydrophobic of epoxy (Vuluga et al., 2011). By mixing both of these materials
together eventually will lead to lower mechanical properties of composites due to their
poor interface. Besides than that, graphite would merely form agglomerates in epoxy
because of its high surface energy. Therefore, interface modification of graphite is at
most crucial in order to have a better composite material (Yu et al., 2007; Wang et al.,
2008).
There are several ways to fabricate graphene from graphite material, for exam-
ple mechanical cleavage, chemical vapour deposition, oxidation and reduction, thermal
reduction and chemical reduction. In spite of the extensive research and high perfor-
mance of graphene produced from these methods, the commercial impact of graphene
and composite is still not being recognized. This is because most of these methods
require high cost, complicated process, require special equipment and consume a long
period of time (Huang et al., 2012). As a result, major discoveries normally takes
decades to reach for large commercial scale due to the cost and performance variables
challenge. Thus, in this study a facile approach by using thermal expansion in furnace
and sonication methods is proposed to fabricate an expanded graphite instead of using
graphene from the raw graphite material. The purpose of having this combination is
to promote for an excellent performance and cost-effectiveness in manufacturing. Be-
sides, the expanded graphite is expected to have almost a close properties to graphene
since the layers spacing have been increased (Stankovich et al., 2006).
In recent times, epoxies are widely used as adhesives especially in house hold
appliances. Nevertheless, there are demand for research in epoxy in order to upgrade
its properties, such that it can be applied for high end applications. Since fixation
methods such as bolts or rivets can induce stress concentrations within the structure,
using adhesives can provide alternative stress distribution of the joint which in turn
improves fatigue properties of the structure (Pocius, 2012). An exemplified use of
high end adhesive is joining metallic adherents such as aluminium, steel and cast iron
which can be found primary applied in aerospace, automotive, building (cladding)
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and marine industries. Then again, the highly cross-linked structure of epoxies make
them inherently brittle and limits the adhesive application. Inspired by this, many
researchers endeavor to achieve increasingly higher performances of epoxy by using
various methods, and one of them is composite. It is known that the filler such as
graphite can significantly improve the adhesive toughness of neat epoxy-based adhe-
sives (Njuguna et al., 2007; Vietri et al., 2014; Wan et al., 2014). Even so, it is unclear
on how the effects of this filler on adhesive toughness. That is why this research study
is related to adhesive.
1.3 Objective of Study
In order to overcome the mentioned problems above, the objectives of the study to be
achieved are as follows:
i. To determine the mechanical properties and adhesive toughness of neat epoxy
and unmodified composite.
ii. To investigate the effects of expanded graphite modification towards tensile prop-
erties and adhesive toughness of epoxy composite.
1.4 Scope of Study
In this research, epoxy material was used as the matrix, while an expanded graphite as
reinforcement in the composite. The 4.4’-Methylene diphenyl diisocyanate (MDI) was
used as a modifying agent for the filler interface. The weight percentage of expanded
graphite used in composite were 0.5, 1.0 and 1.5 wt% (for both modified and unmodi-
fied samples). Due to the high aspect ratio of graphite, the property improvements can
be acquired at relatively small loadings (Geim, 2009; Chandrasekaran et al., 2014; Park
et al., 2015). Two facile approached was introduced to fabricate expanded graphite
from raw graphite materials which are thermal expansion and sonication process. The
temperature for thermal expansion is constant at 1000°C. At high temperature, the
trapped between the graphite layers were decompose force the graphite layers to sep-
arate randomly (Yasmin et al., 2006). While for the sonication time was 30 minutes
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which is the purpose of sonication was used to allow the dispersion of EG in the solvent
where the acetone was used as a solvent. As indicated by Yasmin et al. (2006), the
longer sonication time may degrade the mechanical properties of composite.
In order to characterize the effect of surface treatment on expanded graphite
materials, Fourier Transform Infrared spectroscopy (FTIR) was employed for material
structure evaluation, while tensile test refer to ASTM D638 for tensile properties.
The adhesive toughness is tested using double cantilevered beam (DCB) test which
according to ASTM 3433-99 standard. The adherends measurement for adhesive test
is 25.4 mm x 9.5 mm x 150 mm of aluminium 6061. Lastly, the morphological
structure of composite was observed using scanning electron microscopy (SEM). Five
specimens were averaged for tensile test and adhesive toughness, while three samples
used for SEM.
1.5 Significance of Study
The significance study for this project as follows:
i. A facile approach is performed to fabricate the graphite which is has a proper-
ties comparable to graphene materials using laboratory equipment and low cost
production.
ii. New understandings regarding the important of interface modifications of filler
towards tensile properties and adhesive toughness of polymer composites.
iii. A new methodology to develop polymer composite which provides excellent ten-
sile properties and adhesive toughness with cost effectiveness and short period
of times.
1.6 Thesis Outline
This thesis has been structured to contain five chapters, and they are organized as
follows.
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• Chapter 1 provides a general information of the study involving the research
background, problem statement, objective, scope and the significant of this study.
• Chapter 2 reviews on fundamental theories of the composite, graphite, surface
treatment and the application of graphite used in automotive industry. Apart of
that, previous study related to this research in enhancement of the mechanical
properties and adhesive toughness of modified/unmodified graphite were also
presented in this chapter.
• Chapter 3 describes the specification of materials and the details on the proce-
dure to modify expanded graphite and the fabrication for both modified/ unmodi-
fied polymer composites by using the facile approach. This chapter also presents
experimental and equipment used, the procedure to fabricate the composite spec-
imens and also the procedure of composite testing.
• Chapter 4 begins by laying out the results and the depth discussion of filler’s
modification, material characterization analysis, tensile properties, adhesive tough-
ness and also the surface morphology of composites.
• Chapter 5 is the last chapter that summaries finding of the research project, as
well as the directions for future research works are proposed for improvement.
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CHAPTER 2
LITERATURE REVIEW
2.1 Engineering Materials
Materials play key role in every field of technology such as engineering, medical,
computing and other industries. In general, engineering materials can be categorized
into three which are metal, ceramic and polymer. Figure 2.1 shows the classification
of materials. Metals have been widely used for several thousand years, whereas the
history date is about 3000 to 1100 b.c. Metals have been defined over the years
according to their characteristic which is hard, reflect light, and have a good thermal
and electrical conductivities. Metals can be classified into two categories, ferrous and
non ferrous. The term of ferrous is derived from the Latin word ferrum, meaning iron.
The example of the metals are iron, copper, aluminium, zinc and their alloys are steel,
brass, bronze and many more. Among the metal materials, aluminium is broadly used
as structural materials in various fields such as in automotive, aircraft and construction
industries (Chandrasekaran et al., 2014).
Ceramics consist of the combination of one or more metals with a non metal.
They also have been defined as inorganic nonmetallic materials. They are classified
according to their elements, for instance oxides, carbides, nitirides and hydrides, de-
pends on the metals are combined with oxygen, nitrogen, carbon, or hydrogen, re-
spectively (Dowling, 2012). Polymers can generally be classified into three categories,
thermoplastic, thermoset and elastomer, better known as rubbers. Thermoplastic are
long chain linear molecules that can be easily formed by heat and pressure at above a
critical temperature. Thermoplastic can be either crystalline or amorphous, depending
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on the composition and processing methods used. The examples of thermoplastic
materials is polyethylene, which is the most common thermoplastic used in industries.
Thermosets are polymer that take on a permanent shape or set when heated. An
example of thermoset is epoxy. Thermoset consists of a three-dimensional network
of atoms rather than being a long chain molecule, therefore it cannot be recycled or
reformed. Thermosets are amorphous polymers. Elastomers are polymeric materials
which dimensions can be changed drastically by applying a relatively force, but will
return to their original shapes when th e force is released. Natural rubber is the
example of elastomer, consist of long chain molecules made up carbon and hydrogen
atoms(Groover, 2011; Budinski & Budinski, 2009).
Figure 2.1: Classification of materials(Callister & Rethwisch, 2011; Akay, 2012;
Askeland & Wright, 2015)
2.2 Composite
The composite materials can be defined as a combination of two inherently different
materials that when combined together will produce a material with properties that
exceed the constituent materials (Chawla, 2012). A broad definition of composite
is two or more chemically distinct materials which when combined have improved
properties over the individual materials. Composites could be natural or synthetic.
Gojny et al. (2005) stated that the result of using composite material obtained better
mechanical, physical, thermal and chemical properties. Other definition of composite
is a macroscopic combination of metallic, ceramic and/or polymeric materials and
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having an identifiable interface between them. In contrast with metal alloys, each
material maintains its separate physical, chemical and mechanical properties. The
property of composite materials is depending on the type of component and how its
manufacture until it was turned into composite (Groover, 2011).
Composites are combinations of two materials in which one of the materials
is called reinforcing phase, is in the form of fibers, sheets or particles (as illustrate in
Figure 2.2), and is embedded in the other material called matrix phase. Typically, the
reinforce materials are strong with the low densities while the matrix is usually ductile
or tough material. If the composite is designed and fabricated correctly, it combines the
strength of the reinforcement with the toughness of the matrix to achieve a combination
of desirable properties where it is not available in any single conventional material. The
components of composite materials is illustrated in Figure 2.3.
Figure 2.2: Types of reinforce phase in composite(Hyer, 2009; Kalpakjian et al., 2014;
Halpin, 2017)
Figure 2.3: Components of composite materials (Chawla, 2012; Barbero, 2017; Tsai,
2018)
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2.3 Matrix
A matrix phase can be defined as a bulk phase, which is continuous phase that sur-
rounds the reinforcements (Jones, 2014). It provides the uniform load distribution to
the reinforcing constituents. The purpose of matrix includes:
• to bind and hold the reinforcements.
• to transfer the load between reinforcements.
• to protect the reinforcements from environment and handling.
• to provide a solid form to the composite
• allow the strength of the reinforcements to be used to their full potential by
providing the effective load transfer from the external forces to the environment,
• to control the transverse properties, interlaminar strength and elevated tempera-
ture strength to the composite.
Generally, there are for majors type of matrices for example polymer, metal, ceramic an
carbon. Among these matrices, polymer is more broadly used in industries because of
its advantages. Polymer can be divided into three categories which are thermoplastics,
thermosets and elastomers.
2.3.1 Polymer Matrix
In this study, polymer matrix was used together with carbon type filler. As men-
tioned before, polymers can be further classified as thermoplastics, thermosets and
elastomers. Thermoplastic materials is a linear or branched polymers where the chains
of molecules are not interconnected to another one. On the other hand, the thermoset
polymer is a polymers that are heavily crosslinked to produce a strong three dimen-
sional network structure. Table 2.1 shows the comparison of these three polymer cat-
egories and Figure 2.4 illustrates the molecule chain of polymers. The characteristics
of thermoset and thermoplastic can be refered in Table 2.2.
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Table 2.1: Comparison of the polymer categories (Paul, 2012)
Polymer General Structure Examples
Thermoplastic
Flexible linear chains (straight or
branched).
Polypropylene,
polyethylene,
polystrene.
Thermoset
Rigid three-dimensional network (chains
may be linear or branched).
Epoxy, polyester.
Elastomer
Thermoplastics or lightly cross-linked
thermosets, consist of spring-like
molecules.
Natural rubber,
silicone.
Figure 2.4: Molecule chain of polymer (Paul, 2012)
Table 2.2: The properties of thermoplastic versus thermoset (Lee & Neville, 1967)
Polymer Thermoplastic matrix Thermoset matrix
Formulation More simple Complex
Melt viscosity Rather high Low (at the beginning)
Fiber impregnation Very difficult Comparable easy
Cost Low to high Low to medium
2.3.2 Epoxy
Epoxy resins were first discovered in 1909 by Prileschajew (Jin et al., 2015). The
word epoxy, epoxy resin or epoxide refers to a wide group of reactive compounds
which can be characterized by the presence of an epoxy ring as shown in Figure 2.5.
It is represented by a three member rings that containing an oxygen which is bonded
with two carbon atoms that are already united in a different way. Epoxy resins has
high performance of thermosetting resins, which exhibits the unique combination of
its properties.
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Figure 2.5: Chemical group of epoxy resin
Epoxy resin is one of the most versatile polymers which is used in a wide
variety of industry such as for structural adhesive, coating and composites (Zaman
et al., 2014a). This is due to its excellent outstanding properties such as low cure
shrinkage, strength and durability, compatibility with various polymers, good adhesion
to broad range of materials, corrosion resistance, good chemical resistance and electric
properties and give off no volatiles during curing process (Zubeldia et al., 2004).
In contrast, epoxy is very heavily crosslinked because of it contains rigid segments.
Due to its high crosslinks, their mechanical strength, stiffness and its brittleness are
extremely high (Fang et al., 2010; Bao et al., 2011; Hu et al., 2014).
In addition, epoxy resins are able to cure at either ambient or high temperature,
and they required only minimum pressure during the curing process. Thus, epoxies can
be applied and cured under any other conditions. One of the main advantages of epoxy
resins is that they are easy to bind the additive together, and the resulting formulation
is it can be easily adapted to a variety of manufacturing process including coating,
adhesive bonding, moulding and other process. Table 2.3 shows the general properties
of epoxy resins.
Table 2.3: Properties of an Epoxy Resins (Petrie, 2005)
Properties Range
Density (g/cm3) 1.2-1.3
Tensile modulus (GPa) 2.75-4.10
Tensile strength (MPa) 55-130
Strain break (%) 1-8
Coefficient of linear thermal expansion (10-6C-1) 50-80
Heat distortion temperature (°C) 70-170
Cure shrinkage (%) 1-5
Water absorption in 24 h (%) 0.08-0.15
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2.4 Reinforcement
Reinforcement can be defined as the non-continuous phase in a composite. The aims
of reinforcement are to provide superior levels of strength and stiffness to composite,
to provide thermal and electrical conductivity, and to control thermal expansion and
wear resistance to the structural properties. Basically, there are three main types of
reinforcement that are utilized in polymer matrix such as of particle reinforced, fiber
reinforced, and structural reinforced as illustrate in Figure 2.6.
Compared to these types of reinforced classifications, the structural types have
shown the greatest improvements in mechanical and barrier properties. Aside from
that, they also provide the highest surface area to volume ratio. The high specific area is
an important thing because with this ability, more polymer chains can be successfully
attached to the reinforcement surface, thus it would produce good interactions with
polymer matrix. When the structural reinforcement are completely delaminated and
uniformly dispersed in the matrix, these single layers can provide a better improvement
in other properties (Tjong, 2006).
Figure 2.6: Classification of reinforcement (Ye et al., 2004)
Moreover, the structural reinforcements are commercially available and at af-
fordable cost when compared to nanoparticle and carbon nanotubes. Due to this
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advantage, this type of reinforcement is widely applied among researcher. Extensively
study is made towards the future applications, especially in large scale polymer matrix
production. The example of reinforcement materials that has the low cost materials is
graphite material and it is suitable for the large scale production of the matrix. Table 2.4
tabulates the cost of graphite in comparison to some other types of reinforcement. The
advantage of graphite materials is that their performance is comparable or even higher
than other expensive reinforcement materials (Novoselov et al., 2012).
Table 2.4: Cost comparison on commonly used (Koo, 2006; Zaman et al., 2014a)
Types of reinforcement Cost (per kilograms)
Graphite $ 2 to $ 5
Clays $ 2 to $ 5
Nanosilica $ 8.50
Corbon nanofibers $ 95 to $1500
Multiple-walled carbon
nanotubes
$ 8000
Single-walled carbon
nanotubes
$ 170,000
2.4.1 Graphite
Graphite materials are abundance materials in nature. In graphite, carbon element has
the lowest energy state at ambient temperature and pressure (Han et al., 2012). The
graphite crystal lattice consists of stacks of parallel two dimensional graphene sheets
with sp2 hybridized carbons atom tightly bonded in hexagonal rings (Ma et al., 2014).
The elastic modulus is higher when its parallel to the plane than it is perpendicular
to the plane, thus in this case graphite is stronger in plane than diamond. If graphite
is parallel in plane, the 2pz orbitals of the carbon atoms can overlap most effectively,
and the graphene sheet has the lowest energy when it is totally flat. Thus, graphite is
anisotropic because of the difference between in plane and out of plane bonding of the
carbon atoms.
The adjacent graphene sheets in graphite are isolated from each other by 0.335
nm, which is half of the crystallographic spacing of hexagonal graphite. The adjacent
graphene was held by weak van der Waals forces and thus its enable graphenes sheets
to easily slide each other and it gives the soft and lubricating properties of graphite.
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Beside that, graphite allowed the interactions of the certain atoms, molecules and ions
into the interplanar spaces even though it does not undertake any negatives charge for
ion exchange. Graphite has a good properties that allowed these materials in a many
industrial applications such as electric brushes, electrochemical electrodes, lubricants,
graphite crucibles and pencil lead (Kuilla et al., 2010; Zhang et al., 2010; Geim &
Grigorieva, 2013). The properties of the graphite can be seen in Table 2.5.
Table 2.5: Typical properties of graphite (Xie et al., 2005; Coleman et al., 2006)
Properties Value
Density (kg/m3) 2.26
Elastic modulus (TPa) 1 (in plane)
Strength (GPa) 130
Thermal conductivity
(W/mK−1)
3000 in plane / 6
(z-axis)
Thermal expansion (K−1) ~1 x10−1(in plane) / 29
x10−6 (z-axis)
Thermal stability (°C) 450 - 650 (in air)
2.4.2 Modifications of Graphite
In its bulk state, graphite exists as a layered material. In order to achieve the efficient
utilization of graphite as a filler in polymer composite, the layers must be separated and
dispersed well in polymer matrix. The differences between graphite and others carbon
materials is graphite does not undertake any net charge. In its natural form, no reactive
ion groups exist on the graphene layers, thus it is impossible to intercalate monomers
into the graphite galleries through the ion exchange as it is possible for the layered
silicates (Nicolosi et al., 2013). Generally, three treatment methods are accepted for
graphite modification where the modified graphite is called as graphite oxide, graphite
intercalated compounds (GICs) and expanded graphite.
2.4.2.1 Graphite Oxide (GO)
Graphite oxide also known as a graphene oxide, graphitic oxide or graphitic acid. It
is typically produced by the treatment of the graphite flakes with oxidizing agents so
that polar groups are presented on the graphite surface, thereby widening the inter-
layer spacing of the graphene planes (Jacob George et al., 2008). GO first prepared
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by Brodie in 1859, typically involves the reaction of graphite flakes with potassium
chlorate and fuming nitric acid (Sengupta et al., 2011). Hummers and Offeman are de-
veloped a faster and safer method for the preparation of GO by reacting with anhydrous
sulfuric acid, sodium nitrate and potassium permanganate, which is widely followed
even today. The chemical structure of GO which contains epoxide and hydroxyl groups
within the graphene sheets and carboxyl and carbonyl groups at the sheet as shown in
Figure 2.7. GO is electrically insulating and it served as an important intermediate for
the preparation of graphene nano platelets (GnPs).
Figure 2.7: Representation of the chemical structure of graphite oxide (Sengupta et al.,
2011)
2.4.2.2 Graphite Intercalation Compounds (GICs)
Graphite intercalation compounds (GICs) are formed by the addition of atomic or
molecular layers of various chemical species between the layers of the graphite host
lattice (Dresselhaus & Dresselhaus, 2002). In GICs, the graphene layers either accept
electrons from or donate electrons to the intercalated species. Graphite intercalates by
electron donors like alkali metals are known as donor types GICs, where the com-
pounds are formed by the intercalation of molecular species acting as a electrons
acceptors such as halogens, halide ions and acids. It is known as acceptors type
GICs.
2.4.2.3 Expanded Graphite (EG)
Expanded graphite (EG) are produced when the intercalated graphite is heated ex-
ceed the critical temperature or exposed to microwave radiation, a large expansion of
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graphite flakes happen along the c- axis than in the plane direction, forming vernicular
or worm like accordions with low density and high temperature resistance (Chen et al.,
2001). EG displays a layered structure similar to layered silicate and has a great affinity
for organic compounds and polymers. Ultrasonication process of EG in solvents is
normally embraced to get more thinner graphite nano platelets (~ 30-80 nm), which
can be dispersed further by high speed shearing in the presence of polymer matrix
(Debelak & Lafdi, 2007).
2.4.2.4 Graphene
Graphene is a new generation material, is an allotrope of carbon element which was
the first isolated by simple mechanical exfoliation and was discovered by A.K Geim
and his colleagues in 2004, and it give them the Nobel Prize in Physics in 2010 (Choi
& Lee, 2011). Graphene can be described as one-atom thick layer of graphite. It
is the basic structural element of other allotrope including graphite, charcoal, carbon
nano tube and fullerenes (Kuilla et al., 2010). Graphene consists of sp2 hybridized
carbon atoms arranged in honey-comb structure with one atom thickness and plate-
like structure leading to the exceptional in plane functional and mechanical properties
(Ma et al., 2014). he speed of electrons in graphene layer can exceed up to 15,000
m2V−1s−1due to the sp2 bonding in the honeycomb network (Choi et al., 2010).
Graphene is a strongest material since its features outstanding mechanical prop-
erties, where the Young’s modulus is 1 TPa and an ultimate strength is 130 GPa (Araby
et al., 2014). Fang et al. (2010) stated that graphene is the strongest material ever
measured. Besides that, graphene also has an extraordinary electrical properties such
as high electron mobility at room temperature which is 250,000 cm2 /V and excellent
optical properties (Tong et al., 2013). Because of the unique structure of graphene,
these carbon atoms form an excellent electrons carrier space. Graphene also provides
a high strength and high thermal conductivity, thus offer the possibilities to create a
variety of multifunctional composite in a cost effective way. As reported by Yasmin
& Daniel (2004), graphene platelets is about 500 time less expensive than carbon
nanotubes .
There are several methods of fabrication graphene materials such as mechanical
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cleavage, chemical vapour deposition (CVD), thermal reduction from graphene ox-
ide, chemical reduction from graphene oxide, unzipping carbon nanotube (CNT) and
ultrasonication and thermal expansion from graphite intercalated compounds (GIC).
Table 2.6 depicts the comparison of advantages and limitations of fabrication methods
for graphene.
Table 2.6: Comparison of advantages and limitations of fabrication methods for
graphene (Kim et al., 2010; Jia et al., 2011)
Methods Advantages Limitations
Mechanical
cleavage
(i) High conductivity and
mechanical performance.
(ii) perfect structure.
(i) Time consuming and not
suitable for mass production;
(ii) no functional groups on
graphene surface.
Chemical
vapour
deposition
(i) High conductivity and
mechanical performance;
(ii) perfect structure;
(iii) scalable productions.
(i) Complicated process - required
special facilities;
(ii) high production cost;
(iii) no functional groups on
graphene surface.
Thermal
reduction
from graphene
oxide
(i) Can remove almost all
oxygen atoms introduced
by acidification.
(i) High production cost - due to
required specialize furnace which
equipped with quartz and operates
in inert gases;
(ii) fails to remove most of
structural defects introduced by
acidifications;
(iii) cannot retain functional groups
for polymer nanocomposites
Chemical
reduction
from graphene
oxide
(i) Can remove almost all
oxygen atoms and also
structural defects;
(ii)can retain functional
groups for polymer
nanocomposites.
(i) Very high cost - due to toxic
chemicals used for effective
reduction
Unzipping
CNT
(i) Can produce graphene
nano ribbons;
(ii) relatively good
structural integrity
(i) High cost - due to its raw
materials and hazardous chemicals
used.
Ultrasonication
and thermal
expansion
from GIC
(i) Highly cost effective
and scalable production;
(ii)very low structural
defect content
(i) Only produces graphene
platelets with the thickness is 2-4
nm - but acceptable for developing
functional;
(ii) high performance polymer
nanocomposite
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2.5 Interface
Interface or inter phase can be defined as a bounding surface where a discontinuity
occurs in between matrix and reinforcement. In other words, interface can also be
explained as the distinct region exist in between the dispersion phase and matrix, where
the chemical composition change and the synergistic interaction occurs (Plueddemann,
2016). Interface is a main focus in designing and manufacturing of composite com-
ponents. It is the most important characteristic that affects the mechanical properties
and the function of composite because the interface controls the transfer of stress from
matrix to filler through shear-activated mechanism and the transport of electrons and
phonon (Kickelbick, 2007). The interface regions improve toughness and promote
energy absorption by deflecting the crack propagation through debonding.
The interface bonds can be categorized by five which are; molecular entangle-
ments, chemical reaction, electrostatic attraction, inter diffusion elements and mechan-
ical interlocking as illustrated in Figure 2.8, while Table 2.7 describes the mechanism
of these interface bonding.
Figure 2.8: Types of interface bonds(Plueddemann, 2016)
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Table 2.7: Description of interface bonding mechanism (Plueddemann, 2016)
Types Description
Molecular
entanglement
Formed by molecular chain entanglement through a
diffusion process; due to mechanical strain the
entangled chains were hold together.
Chemical reaction Formed by chemical group of the filler and other
groups of matrix. This types of interface bonding
leads to high strength of interface; example: covalent
bonding.
Electrostatic attraction Formed by opposite electrical charges at interfacial
regions. Generally, it was comprise a small
percentage of the total bonding strength of the
composites.
Interdiffusion elements Formed by interdiffussion of atoms or molecules
across interface. To produce this type of bonding,
there is a compulsory existing of thermodynamic
equilibrium between two constituents.
Mechanical
interlocking
Formed by a contribution from the surface roughness
and purely mechanical interactions.
2.6 Constituents Characteristic
There is a poor bonding in composite materials because of different chemical charac-
teristic in polymer matrix and graphite. Polymer matrix has hydrophobic property
while graphite is a hydrophilic property (Ammar et al., 2016). The word ’hydro’
originates from Greek significance the water, while the ’-philic’, from base of philia
can be characterize as a attraction or affinity to something, and ’-phobic’, from base
of phobia and is defined as a repelled or tendency to aggregate mechanical properties.
Thus, the hydrophilic can be defined as the materials which attract to water and tends
to absorb the moisture molecule, thus degrade the bonding reduce the mechanical
properties of the materials. Hydrophobic means the materials are apparently repelled
from the water and does not absorb the moisture(Liu et al., 2000; Wang et al., 2009)
The combination of hydrophilic and hydrophobic gives the poor mechanical
properties towards composite materials due to the poor interface and bonding of differ-
ent characteristic of materials. Because of this unsuitable combination, it will create
voids or also known as gaps in between of the interface(Laberty-Robert et al., 2011).
To overcome this drawback, the interface modification either towards matrix of filler
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are required. Figure 2.9 illustrate the hydrophilic and hydrophibic contact angle.
Figure 2.9: Hydrophilic and hydrophibic contact angle
2.7 Surface Treatment of Graphite
Graphite is a carbon-based material and thus more compatible with polymers when
compared to the well known fillers developed for polymers such as nano silica parti-
cles, titanium dioxide particles, silicate layers and etc. The backbones of graphite has
the most macromolecules consist of carbon. Anyhow, graphite also has a tendency
to re-stack themselves in polymer matrices. Thus, the surface treatment of graphite
is required to produce a satisfied exfoliation and dispersion of graphite in polymer
matrices. There are two major categories of surface modification developed including
covalent bonding and non-covalent bonding as briefly in details in Table 2.8.
PTTA
PER
PUS
TAK
AAN
 TU
NKU
 TU
N A
MIN
AH
78
REFERENCES
Adams, R. & Comyn, J. (2000). Joining using adhesives. Assembly Automation, 20(2),
pp. 109–117.
Agrawal, S., Singh, K.K. & Sarkar, P. (2014). Impact damage on fibre-reinforced
polymer matrix composite–a review. Journal of Composite Materials, 48(3),
pp. 317–332.
Akay, M. (2012). Introduction to Polymer Science and Technology. Bookboon.
Ammar, A., Al-Enizi, A.M., AlMaadeed, M.A. & Karim, A. (2016). Influence of
graphene oxide on mechanical, morphological, barrier, and electrical properties
of polymer membranes. Arabian Journal of Chemistry, 9(2), pp. 274–286.
Anderson, R.N. (2009). Materials science. Wiley Encyclopedia of Forensic Science.
Araby, S., Meng, Q., Zhang, L., Kang, H., Majewski, P., Tang, Y. & Ma, J. (2014).
Electrically and thermally conductive elastomer/graphene nanocomposites by
solution mixing. Polymer, 55(1), pp. 201–210.
Askeland, D.R. & Wright, W.J. (2015). Science and engineering of materials. Nelson
Education.
Awaja, F., Gilbert, M., Kelly, G., Fox, B. & Pigram, P.J. (2009). Adhesion of polymers.
Progress in polymer science, 34(9), pp. 948–968.
Bacigalupo, L.N. (2013). Fracture behavior of nano-scale rubber-modified epoxies.
Lehigh University.
Bao, C., Guo, Y., Song, L., Kan, Y., Qian, X. & Hu, Y. (2011). In situ preparation
of functionalized graphene oxide/epoxy nanocomposites with effective
reinforcements. Journal of Materials Chemistry, 21(35), pp. 13290–13298.
PTTA
PER
PUS
TAK
AAN
 TU
NKU
 TU
N A
MIN
AH
79
Barbero, E.J. (2017). Introduction to composite materials design. CRC press.
Beden, S., Abdullah, S. & Ariffin, A. (2009). Review of fatigue crack propagation
models for metallic components. European Journal of Scientific Research,
28(3), pp. 364–397.
Bourlinos, A.B., Gournis, D., Petridis, D., Szabó, T., Szeri, A. & Dékány, I. (2003).
Graphite oxide: chemical reduction to graphite and surface modification with
primary aliphatic amines and amino acids. Langmuir, 19(15), pp. 6050–6055.
Braun, P.V. (2003). Natural nanobiocomposites, biomimetic nanocomposites, and
biologically inspired nanocomposites. Nanocomposite science and technology,
pp. 155–214.
Brockmann, W., Geiß, P.L., Klingen, J. & Schröder, K.B. (2008). Adhesive bonding:
materials, applications and technology. John Wiley & Sons.
Budinski, K.G. & Budinski, M.K. (2009). Engineering materials. Nature, 25, p. 28.
Callister, W.D. & Rethwisch, D.G. (2011). Materials science and engineering,
volume 5. John Wiley & Sons NY.
Cate, P.J., Naughton, P. & Koelman, H.J. (2007). Automobile assembly. US Patent
7,185,946.
Chandrasekaran, S., Sato, N., Tölle, F., Mülhaupt, R., Fiedler, B. & Schulte, K.
(2014). Fracture toughness and failure mechanism of graphene based epoxy
composites. Composites Science and Technology, 97, pp. 90–99.
Chawla, K.K. (2012). Composite materials: science and engineering. Springer Science
& Business Media.
Chen, G.H., Wu, D.J., Weng, W.G., He, B. & Yan, W.l. (2001). Preparation of
polystyrene–graphite conducting nanocomposites via intercalation polymeriza-
tion. Polymer International, 50(9), pp. 980–985.
Chen, Z., Zhou, K., Lu, X. & Lam, Y.C. (2014). A review on the mechanical methods
for evaluating coating adhesion. Acta Mechanica, 225(2), pp. 431–452.
PTTA
PER
PUS
TAK
AAN
 TU
NKU
 TU
N A
MIN
AH
80
Choi, W., Lahiri, I., Seelaboyina, R. & Kang, Y.S. (2010). Synthesis of graphene and its
applications: a review. Critical Reviews in Solid State and Materials Sciences,
35(1), pp. 52–71.
Choi, W. & Lee, J.w. (2011). Graphene: Synthesis and applications. CRC Press.
Chong, H., Hinder, S. & Taylor, A. (2016). Graphene nanoplatelet-modified epoxy:
effect of aspect ratio and surface functionality on mechanical properties and
toughening mechanisms. Journal of Materials Science, 51(19), pp. 8764–8790.
Choupani, N. (2008). Mixed-mode cohesive fracture of adhesive joints: Experimental
and numerical studies. Engineering fracture mechanics, 75(15), pp. 4363–
4382.
Chung, D.D. (2013). Composite materials: functional materials for modern
technologies. Springer Science & Business Media.
Coleman, J.N., Khan, U. & Gun’ko, Y.K. (2006). Mechanical reinforcement of
polymers using carbon nanotubes. Advanced materials, 18(6), pp. 689–706.
Custódio, J., Broughton, J. & Cruz, H. (2009). A review of factors influencing the
durability of structural bonded timber joints. International journal of adhesion
and adhesives, 29(2), pp. 173–185.
Dai, J.B., Kuan, H.C., Du, X.S., Dai, S.C. & Ma, J. (2009). Development of a novel
toughener for epoxy resins. Polymer International, 58(7), pp. 838–845.
Debelak, B. & Lafdi, K. (2007). Use of exfoliated graphite filler to enhance polymer
physical properties. Carbon, 45(9), pp. 1727–1734.
Dowling, N.E. (2012). Mechanical behavior of materials: engineering methods for
deformation, fracture, and fatigue. Pearson.
Dresselhaus, M.S. & Dresselhaus, G. (2002). Intercalation compounds of graphite.
Advances in physics, 51(1), pp. 1–186.
Du, X., Zhou, H., Sun, W., Liu, H.Y., Zhou, G., Zhou, H. & Mai, Y.W. (2017).
Graphene/epoxy interleaves for delamination toughening and monitoring of
crack damage in carbon fibre/epoxy composite laminates. Composites Science
and Technology, 140, pp. 123–133.
PTTA
PER
PUS
TAK
AAN
 TU
NKU
 TU
N A
MIN
AH
81
Englert, J.M., Dotzer, C., Yang, G., Schmid, M., Papp, C., Gottfried, J.M.,
Steinrück, H.P., Spiecker, E., Hauke, F. & Hirsch, A. (2011). Covalent bulk
functionalization of graphene. Nature Chemistry, 3(4), pp. 279–286.
Fang, M., Zhang, Z., Li, J., Zhang, H., Lu, H. & Yang, Y. (2010). Constructing hier-
archically structured interphases for strong and tough epoxy nanocomposites
by amine-rich graphene surfaces. Journal of Materials Chemistry, 20(43), pp.
9635–9643.
Geim, A.K. & Grigorieva, I.V. (2013). Van der waals heterostructures. Nature,
499(7459), p. 419.
Geim, A.K. & Novoselov, K.S. (2007). The rise of graphene. Nature materials, 6(3),
pp. 183–191.
Geim, A.K. (2009). Graphene: status and prospects. science, 324(5934), pp. 1530–
1534.
Ghazvinian, A., Nejati, H.R., Sarfarazi, V. & Hadei, M.R. (2013). Mixed mode crack
propagation in low brittle rock-like materials. Arabian Journal of Geosciences,
6(11), pp. 4435–4444.
Gojny, F.H., Wichmann, M.H., Fiedler, B. & Schulte, K. (2005). Influence of different
carbon nanotubes on the mechanical properties of epoxy matrix composites–a
comparative study. Composites Science and Technology, 65(15-16), pp. 2300–
2313.
Groover, M.P. (2011). Introduction to manufacturing processes. Wiley Global
Education.
Gültekin, K., Akpinar, S., Gürses, A., Eroglu, Z., Cam, S., Akbulut, H., Keskin, Z. &
Ozel, A. (2016). The effects of graphene nanostructure reinforcement on the
adhesive method and the graphene reinforcement ratio on the failure load in
adhesively bonded joints. Composites Part B: Engineering.
Halpin, J.C. (2017). Primer on Composite Materials Analysis, (Revised). Routledge.
PTTA
PER
PUS
TAK
AAN
 TU
NKU
 TU
N A
MIN
AH
82
Han, J.W., Kim, B., Li, J. & Meyyappan, M. (2012). Carbon nanotube based humidity
sensor on cellulose paper. The Journal of Physical Chemistry C, 116(41), pp.
22094–22097.
Haupert, F. & Wetzel, B. (2005). Reinforcement of thermosetting polymers by the
incorporation of micro-and nanoparticles. Polymer Composites, pp. 45–62.
Hsiao, K.T., Alms, J. & Advani, S.G. (2003). Use of epoxy/multiwalled carbon
nanotubes as adhesives to join graphite fibre reinforced polymer composites.
Nanotechnology, 14(7), p. 791.
Hu, K., Kulkarni, D.D., Choi, I. & Tsukruk, V.V. (2014). Graphene-polymer
nanocomposites for structural and functional applications. Progress in Polymer
Science, 39(11), pp. 1934–1972.
Huang, C., Kim, M., Wong, B.M., Safron, N.S., Arnold, M.S. & Gopalan, P.
(2014). Raman enhancement of a dipolar molecule on graphene. The Journal
of Physical Chemistry C, 118(4), pp. 2077–2084.
Huang, X., Qi, X., Boey, F. & Zhang, H. (2012). Graphene-based composites.
Chemical Society Reviews, 41(2), pp. 666–686.
Hyer, M.W. (2009). Stress analysis of fiber-reinforced composite materials. DEStech
Publications, Inc.
Imanaka, M., Motohashi, S., Nishi, K., Nakamura, Y. & Kimoto, M. (2009). Crack-
growth behavior of epoxy adhesives modified with liquid rubber and cross-
linked rubber particles under mode i loading. International Journal of Adhesion
and Adhesives, 29(1), pp. 45–55.
Jacob George, J., Bandyopadhyay, A. & Bhowmick, A.K. (2008). New generation
layered nanocomposites derived from ethylene-co-vinyl acetate and naturally
occurring graphite. Journal of applied polymer science, 108(3), pp. 1603–1616.
Jia, X., Campos-Delgado, J., Terrones, M., Meunier, V. & Dresselhaus, M.S. (2011).
Graphene edges: a review of their fabrication and characterization. Nanoscale,
3(1), pp. 86–95.
PTTA
PER
PUS
TAK
AAN
 TU
NKU
 TU
N A
MIN
AH
83
Jin, F.L., Li, X. & Park, S.J. (2015). Synthesis and application of epoxy resins: A
review. Journal of Industrial and Engineering Chemistry, 29, pp. 1–11.
Jones, R.M. (2014). Mechanics of composite materials. CRC press.
Kalpakjian, S., Vijai Sekar, K. & Schmid, S.R. (2014). Manufacturing engineering and
technology. Pearson.
Katsiropoulos, C.V., Chamos, A., Tserpes, K. & Pantelakis, S.G. (2012). Fracture
toughness and shear behavior of composite bonded joints based on a novel
aerospace adhesive. Composites Part B: Engineering, 43(2), pp. 240–248.
Kickelbick, G. (2007). Hybrid materials: synthesis, characterization, and applica-
tions. John Wiley & Sons.
Kim, H., Abdala, A.A. & Macosko, C.W. (2010). Graphene/polymer nanocomposites.
Macromolecules, 43(16), pp. 6515–6530.
Kinloch, A. (2003). Toughening epoxy adhesives to meet today’s challenges. MRS
bulletin, 28(6), pp. 445–448.
Kinloch, A. (2012). Adhesion and adhesives: science and technology. Springer
Science & Business Media.
Koo, J.H. (2006). Polymer nanocomposites. McGraw-Hill Professional Pub.
Kozhemyakina, N.V., Englert, J.M., Yang, G., Spiecker, E., Schmidt, C.D., Hauke,
F. & Hirsch, A. (2010). Non-covalent chemistry of graphene: Electronic
communication with dendronized perylene bisimides. Advanced Materials,
22(48), pp. 5483–5487.
Kuan, H.C., Ma, C.C.M., Chang, W.P., Yuen, S.M., Wu, H.H. & Lee, T.M. (2005).
Synthesis, thermal, mechanical and rheological properties of multiwall carbon
nanotube/waterborne polyurethane nanocomposite. Composites Science and
Technology, 65(11-12), pp. 1703–1710.
Kuilla, T., Bhadra, S., Yao, D., Kim, N.H., Bose, S. & Lee, J.H. (2010). Recent
advances in graphene based polymer composites. Progress in polymer science,
35(11), pp. 1350–1375.
PTTA
PER
PUS
TAK
AAN
 TU
NKU
 TU
N A
MIN
AH
84
Laberty-Robert, C., Valle, K., Pereira, F. & Sanchez, C. (2011). Design and properties
of functional hybrid organic–inorganic membranes for fuel cells. Chemical
Society Reviews, 40(2), pp. 961–1005.
Le, Q.H., Kuan, H.C., Dai, J.B., Zaman, I., Luong, L. & Ma, J. (2010).
Structure–property relations of 55nm particle-toughened epoxy. Polymer,
51(21), pp. 4867–4879.
Lee, H. & Neville, K. (1967). Handbook of epoxy resins.
Liu, P., Gong, K., Xiao, P. & Xiao, M. (2000). Preparation and characterization of poly
(vinyl acetate)-intercalated graphite oxide nanocomposite. Journal of Materials
Chemistry, 10(4), pp. 933–935.
Liu, W., Hoa, S.V. & Pugh, M. (2005). Organoclay-modified high performance epoxy
nanocomposites. Composites Science and Technology, 65(2), pp. 307–316.
Ma, J., Meng, Q., Zaman, I., Zhu, S., Michelmore, A., Kawashima, N., Wang, C.H. &
Kuan, H.C. (2014). Development of polymer composites using modified, high-
structural integrity graphene platelets. Composites Science and Technology, 91,
pp. 82–90.
Ma, J., Mo, M.S., Du, X.S., Dai, S.R. & Luck, I. (2008). Study of epoxy toughened
by in situ formed rubber nanoparticles. Journal of Applied Polymer Science,
110(1), pp. 304–312.
Mallick, P.K. (2007). Fiber-reinforced composites: materials, manufacturing, and
design. CRC press.
Marshall, S.J., Bayne, S.C., Baier, R., Tomsia, A.P. & Marshall, G.W. (2010). A review
of adhesion science. dental materials, 26(2), pp. e11–e16.
Meng, Q., Zaman, I., Hannam, J.R., Kapota, S., Luong, L., Youssf, O. & Ma, J. (2011).
Improvement of adhesive toughness measurement. Polymer Testing, 30(2), pp.
243–250.
Miller, S.G., Bauer, J.L., Maryanski, M.J., Heimann, P.J., Barlow, J.P., Gosau,
J.M. & Allred, R.E. (2010). Characterization of epoxy functionalized graphite
PTTA
PER
PUS
TAK
AAN
 TU
NKU
 TU
N A
MIN
AH
85
nanoparticles and the physical properties of epoxy matrix nanocomposites.
Composites Science and Technology, 70(7), pp. 1120–1125.
Mittal, G., Dhand, V., Rhee, K.Y., Park, S.J. & Lee, W.R. (2015). A review on carbon
nanotubes and graphene as fillers in reinforced polymer nanocomposites.
Journal of Industrial and Engineering Chemistry, 21, pp. 11–25.
Nicolosi, V., Chhowalla, M., Kanatzidis, M.G., Strano, M.S. & Coleman, J.N. (2013).
Liquid exfoliation of layered materials. Science, 340(6139), p. 1226419.
Njuguna, J., Pielichowski, K. & Alcock, J.R. (2007). Epoxy-based fibre reinforced
nanocomposites. Advanced Engineering Materials, 9(10), pp. 835–847.
Novoselov, K.S., Fal, V., Colombo, L., Gellert, P., Schwab, M., Kim, K. et al. (2012).
A roadmap for graphene. Nature, 490(7419), p. 192.
Papageorgiou, G.Z., Terzopoulou, Z., Tsanaktsis, V., Achilias, D.S., Triantafyllidis, K.,
Diamanti, E.K., Gournis, D. & Bikiaris, D.N. (2015). Effect of graphene oxide
and its modification on the microstructure, thermal properties and enzymatic
hydrolysis of poly (ethylene succinate) nanocomposites. Thermochimica Acta,
614, pp. 116–128.
Park, Y.T., Qian, Y., Chan, C., Suh, T., Nejhad, M.G., Macosko, C.W. & Stein, A.
(2015). Epoxy toughening with low graphene loading. Advanced Functional
Materials, 25(4), pp. 575–585.
Paul, D.R. (2012). Polymer blends, volume 1. Elsevier.
Paul, D. & Robeson, L. (2008). Polymer nanotechnology: nanocomposites. Polymer,
49(15), pp. 3187–3204.
Petrie, E. (2005). Epoxy adhesive formulations. McGraw Hill Professional.
Plueddemann, E.P. (2016). Interfaces in Polymer Matrix Composites: Composite
Materials, volume 6. Elsevier.
Pocius, A.V. (2012). Adhesion and adhesives technology: an introduction. Carl Hanser
Verlag GmbH Co KG.
PTTA
PER
PUS
TAK
AAN
 TU
NKU
 TU
N A
MIN
AH
86
Prolongo, S., Moriche, R., Jiménez-Suárez, A., Sánchez, M. & Ureña, A. (2014).
Advantages and disadvantages of the addition of graphene nanoplatelets to
epoxy resins. European Polymer Journal, 61, pp. 206–214.
Qi, B., Lu, S., Xiao, X., Pan, L., Tan, F. & Yu, J. (2014). Enhanced thermal and
mechanical properties of epoxy composites by mixing thermotropic liquid
crystalline epoxy grafted graphene oxide. Express Polymer Letters, 8(7).
Salavagione, H.J., Martínez, G. & Ellis, G. (2011). Recent advances in the
covalent modification of graphene with polymers. Macromolecular rapid
communications, 32(22), pp. 1771–1789.
Saleem, H., Edathil, A., Ncube, T., Pokhrel, J., Khoori, S., Abraham, A. &
Mittal, V. (2016). Mechanical and thermal properties of thermoset–graphene
nanocomposites. Macromolecular Materials and Engineering, 301(3), pp.
231–259.
Savage, W. et al. (2013). Joining of advanced materials. Elsevier.
Schwartz, M. (2010). Adhesive bonding. Innovations in Materials Manufacturing,
Fabrication, and Environmental Safety, p. 11.
Schwarz, U.S. & Safran, S.A. (2013). Physics of adherent cells. Reviews of Modern
Physics, 85(3), p. 1327.
Sengupta, R., Bhattacharya, M., Bandyopadhyay, S. & Bhowmick, A.K. (2011). A
review on the mechanical and electrical properties of graphite and modified
graphite reinforced polymer composites. Progress in polymer science, 36(5),
pp. 638–670.
Shigley, J.E. (2011). Shigley’s mechanical engineering design. Tata McGraw-Hill
Education.
Smith, B.C. (2011). Fundamentals of Fourier transform infrared spectroscopy. CRC
press.
Stankovich, S., Dikin, D.A., Dommett, G.H., Kohlhaas, K.M., Zimney, E.J., Stach,
E.A., Piner, R.D., Nguyen, S.T. & Ruoff, R.S. (2006). Graphene-based
composite materials. nature, 442(7100), pp. 282–286.
PTTA
PER
PUS
TAK
AAN
 TU
NKU
 TU
N A
MIN
AH
87
Thomas, S., Joseph, K., Malhotra, S., Goda, K. & Sreekala, M. (2012). Polymer
composites, macro-and microcomposites.
Tjong, S.C. (2006). Structural and mechanical properties of polymer nanocomposites.
Materials Science and Engineering: R: Reports, 53(3-4), pp. 73–197.
Tong, Y., Bohm, S. & Song, M. (2013). Graphene based materials and their composites
as coatings. Austin J Nanomed Nanotechnol, 1(1), p. 1003.
Tsai, S. (2018). Introduction to composite materials. Routledge.
Vasiliev, V. & Morozov, E.V. (2013). Advanced mechanics of composite materials and
structural elements. Newnes.
Vietri, U., Guadagno, L., Raimondo, M., Vertuccio, L. & Lafdi, K. (2014).
Nanofilled epoxy adhesive for structural aeronautic materials. Composites Part
B: Engineering, 61, pp. 73–83.
Vuluga, D., Thomassin, J.M., Molenberg, I., Huynen, I., Gilbert, B., Jérôme,
C., Alexandre, M. & Detrembleur, C. (2011). Straightforward synthesis of
conductive graphene/polymer nanocomposites from graphite oxide. Chemical
Communications, 47(9), pp. 2544–2546.
Wan, Y.J., Tang, L.C., Gong, L.X., Yan, D., Li, Y.B., Wu, L.B., Jiang, J.X. & Lai, G.Q.
(2014). Grafting of epoxy chains onto graphene oxide for epoxy composites
with improved mechanical and thermal properties. Carbon, 69, pp. 467–480.
Wang, F., Drzal, L.T., Qin, Y. & Huang, Z. (2015). Mechanical properties and thermal
conductivity of graphene nanoplatelet/epoxy composites. Journal of materials
science, 50(3), pp. 1082–1093.
Wang, G., Wang, B., Park, J., Yang, J., Shen, X. & Yao, J. (2009). Synthesis
of enhanced hydrophilic and hydrophobic graphene oxide nanosheets by a
solvothermal method. carbon, 47(1), pp. 68–72.
Wang, G., Yang, J., Park, J., Gou, X., Wang, B., Liu, H. & Yao, J. (2008). Facile
synthesis and characterization of graphene nanosheets. The Journal of Physical
Chemistry C, 112(22), pp. 8192–8195.
PTTA
PER
PUS
TAK
AAN
 TU
NKU
 TU
N A
MIN
AH
88
Wang, K., Chen, L., Wu, J., Toh, M.L., He, C. & Yee, A.F. (2005). Epoxy
nanocomposites with highly exfoliated clay: mechanical properties and
fracture mechanisms. Macromolecules, 38(3), pp. 788–800.
Wang, R.M., Zheng, S.R. & Zheng, Y.P.G. (2011). Polymer matrix composites and
technology. Elsevier.
Wu, Z. & Wong, L.N.Y. (2012). Frictional crack initiation and propagation analysis
using the numerical manifold method. Computers and Geotechnics, 39, pp.
38–53.
Xie, X.L., Mai, Y.W. & Zhou, X.P. (2005). Dispersion and alignment of carbon
nanotubes in polymer matrix: a review. Materials Science and Engineering:
R: Reports, 49(4), pp. 89–112.
Yasmin, A. & Daniel, I.M. (2004). Mechanical and thermal properties of graphite
platelet/epoxy composites. Polymer, 45(24), pp. 8211–8219.
Yasmin, A., Luo, J.J. & Daniel, I.M. (2006). Processing of expanded graphite
reinforced polymer nanocomposites. Composites Science and Technology,
66(9), pp. 1182–1189.
Ye, L., Mai, Y. & Su, Z. (2004). Composite technologies for 2020. Woodhead,
Cambridge, UK, 57.
Yoon, S.H., Kim, B.C., Lee, K.H. & Lee, D.G. (2010). Improvement of the adhesive
fracture toughness of bonded aluminum joints using e-glass fibers at cryogenic
temperature. Journal of Adhesion Science and Technology, 24(2), pp. 429–444.
Yu, A., Ramesh, P., Itkis, M.E., Bekyarova, E. & Haddon, R.C. (2007). Graphite
nanoplatelet-epoxy composite thermal interface materials. The Journal of
Physical Chemistry C, 111(21), pp. 7565–7569.
Yu, S., Hu, H., Ma, J. & Yin, J. (2008). Tribological properties of epoxy/rubber
nanocomposites. Tribology International, 41(12), pp. 1205–1211.
Zaman, I., Le, Q.H., Kuan, H.C., Kawashima, N., Luong, L., Gerson, A. & Ma, J.
(2011a). Interface-tuned epoxy/clay nanocomposites. Polymer, 52(2), pp. 497–
504.
PTTA
PER
PUS
TAK
AAN
 TU
NKU
 TU
N A
MIN
AH
Zaman, I., Manshoor, B., Khalid, A. & Araby, S. (2014a). From clay to graphene
for polymer nanocomposites-a survey. Journal of Polymer Research, 21(5), pp.
1–11.
Zaman, I., Manshoor, B., Khalid, A., Meng, Q. & Araby, S. (2014b). Interface
modification of clay and graphene platelets reinforced epoxy nanocomposites:
a comparative study. Journal of materials science, 49(17), pp. 5856–5865.
Zaman, I., Nor, F.M., Manshoor, B., Khalid, A. & Araby, S. (2015). Influence of
interface on epoxy/clay nanocomposites: 2. mechanical and thermal dynamic
properties. Procedia Manufacturing, 2, pp. 23–27.
Zaman, I., Phan, T.T., Kuan, H.C., Meng, Q., La, L.T.B., Luong, L., Youssf, O. &
Ma, J. (2011b). Epoxy/graphene platelets nanocomposites with two levels of
interface strength. Polymer, 52(7), pp. 1603–1611.
Zeng, Q., Yu, A., Lu, G. & Paul, D. (2005). Clay-based polymer nanocomposites:
research and commercial development. Journal of nanoscience and nanotech-
nology, 5(10), pp. 1574–1592.
Zhang, L.L., Zhou, R. & Zhao, X. (2010). Graphene-based materials as supercapacitor
electrodes. Journal of Materials Chemistry, 20(29), pp. 5983–5992.
Zubeldia, A., Larranaga, M., Remiro, P. & Mondragon, I. (2004). Fracture toughening
of epoxy matrices with blends of resins of different molecular weights and
other modifiers. Journal of Polymer Science Part B: Polymer Physics, 42(21),
pp. 3920–3933.
